Abstract: Closed form equations for calculating the lateral displacement caused by the installation of soil-cement columns are derived based on cylindrical cavity expansion theory. The radius of the cavity needs to be predetermined empirically, mainly with reference to the amount of admixture injected and injection pressure as well as the stiffness of the surrounding soil. Also, an empirical equation is proposed for considering the partial "plane strain" effect of installing a row of columns. The proposed method has been applied to four reported field tests conducted in Saga, Japan, using the slurry double mixing ͑SDM͒ method, the dry jet mixing ͑DJM͒ method, and the wet jet mixing ͑WJM͒ method. The radius of influence, i.e., where the lateral displacement in the soil is less than 5 mm during the installation of soil-cement columns, is found from the field data to be approximately 30, 40, and 50 m for the SDM, DJM, and WJM, respectively. It is shown that the proposed method yielded a reasonable prediction of these field measurements. The field data also indicate that the installation sequence has a considerable influence on the observed lateral displacement; but the proposed method can only consider two extreme conditions of this influence. It is suggested that the method is a useful tool for the design of soft subsoil improvement resulting from the installation of soil-cement columns.
Introduction
Deep mixing of cement, normally forming soil-cement columns in the ground, is widely used to improve soft clayey subsoils for civil engineering constructions. During soil-cement column installation, cement slurry ͑wet mixing͒ or powder ͑dry mixing͒ is injected into the ground under pressure. The injection of admixtures into the ground in this way causes deformation of the surrounding subsoil. In an urban environment, sometimes this deformation is crucial because it affects existing nearby structures. Predicting and controlling the lateral displacements induced by soil-cement column installation are important design considerations. Presently, the lateral deformation is estimated by experience or analyzed using numerical techniques ͑Koga et al. 1999; Shen et al. 1999͒ . The former cannot explicitly consider the strength and deformation parameters of the subsoil and the latter is generally not convenient for practical use, and it also has limitations when used to simulate the installation process. Indeed, the analysis by Shen et al. ͑1999͒ requires a measurement of lateral displacement as input in order to obtain the overall response of the ground. Clearly, there is a need to establish a simple prediction method which can consider the strength and deformation parameters of the subsoil as well as the amount of admixture injected and the injection pressure.
In this paper, a method based on cylindrical cavity expansion theory is proposed to predict the lateral displacement of the surrounding subsoil induced by installation of a soil-cement column, taking into account the ground conditions and, empirically, the installation method. Four field tests conducted in Saga, Japan, are briefly presented and analyzed by the proposed method to demonstrate its applicability.
A Method for Predicting Lateral Displacement Due to Soil-Cement Column Installation
The process of mixing cement with clay to form soil-cement columns in a soft subsoil includes putting a mixer into the ground to a desired depth first, and then injecting cement ͑powder or slurry͒ into the subsoil and mixing it with the soil. The mixing can be made during penetration of the mixer ͑downward movement͒ and/or during its withdrawal ͑upward movement͒. This process causes lateral displacement of the surrounding soil. The main mechanisms causing lateral displacement are expansion and possible hydraulic fracturing in the ground by the injection pressure and the addition of extra material into the ground ͑Miura et al. 1998͒ . For cases where a single column has been installed by the slurry double mixing ͑SDM͒ method, measured field data indicate that the lateral displacement is almost symmetric to the column ͑Middle Pressure Injection Association 2002͒. Also, when some soil is extracted from the ground during the injection of admixture ͑a special construction technique͒, the lateral displacements are reduced significantly ͑Ono et al. Association 2002͒. We therefore consider the main mechanism to be radial expansion in the ground.
In the field, the pressure exerted on the soil surrounding the column is lower than the injection pressure due to partial return of injected material and the deformation induced in the surrounding soil. In addition, the pressure is often not uniformly applied but it is usually high enough to cause yielding of soil in the vicinity of a soil-cement column. With the SDM method, which uses a relatively low injection pressure ͑50-200 kPa͒, field measurements have indicated that 0.5 m away from a column, the measured maximum excess pore pressures were slightly higher than the effective stresses at the corresponding depth ͑Miura et al. 1998͒.
It is assumed that the expansion caused by soil-cement column installation is analogous to a cavity expansion. Theories have been proposed for both spherical and cylindrical cavity expansions. However, the process of constructing a soil-cement column is neither strictly a spherical cavity expansion nor a cylindrical cavity expansion. Ultimately the column has a cylindrical shape but the cylinder is not constructed simultaneously along its full length. However, for the purpose of analysis we assume that its installation can be approximated as a cylindrical cavity expansion. Vesic ͑1972͒ derived a solution for a cylindrical cavity expansion in an infinite soil mass. As shown in Fig. 1 , around a cylindrical cavity the soil can be divided into a plastic zone and an elastic zone. If the cavity pressure P u , the radius of the cavity R u , the radius of the plastic zone R p , and the pressure at the interface of the plastic zone and the elastic zone p , can be determined, then the lateral displacement field around the cavity can be calculated. It is worth mentioning that simulating the soilcement column installation process by cylindrical cavity expansion theory has the following limitations: 1. It cannot simulate the installation process precisely, i.e., a column is actually installed incrementally, and as a result nonuniform radial pressure is applied to the surrounding soil. 2. It assumes radial deformation only under plane strain conditions ͑no vertical strain͒, but as mentioned a soil-cement column is installed incrementally and so the assumed deformation condition is not actually satisfied in practice. The effect of heave on lateral displacement is therefore ignored. 3. It is unable to consider the effect of possible hydraulic fracturing on lateral soil displacement.
Calculating R p , P u , and p In Vesic's ͑1972͒ solution, the ratio of the radius of the plastic zone ͑R p ͒ to the radius of cavity ͑R u ͒ is as follows:
where ϭinternal friction angle; cϭcohesion of subsoil; I r ϭrigidity index; I rr ϭreduced rigidity index; ⌬ϭaverage volumetric strain ͑refer to Vesic 1971 for the method of estimating the value of ⌬͒; EϭYoung's modulus; ϭPoisson's ratio; qϭinitial mean normal stress ͓q = ͑1+2K 0 ͒ 0 /3, K 0 is the at rest horizontal earth pressure coefficient, and 0 is the initial vertical stress͔; Gϭelastic shear modulus; and S u ϭundrained shear strength. In general, the strength parameters c and can be total stress parameters or effective stress parameters. In this study, total stress parameters are used ͑c = S u , =0͒. If R u is known, then R p can be obtained from Eq. ͑1͒. Following Vesic ͑1972͒, the cavity pressure P u is calculated from bearing capacity theory as follows:
For = 0 and zero volumetric strain ͑⌬ =0͒
With known values of P u and the ratio of R p / R u , the stress at the interface of the plastic and the elastic zones p can be expressed as follows:
Lateral Displacement around Single Column

Plastic Zone
Knowing R p and p , the displacement ͑␦ p ͒ at R p can be calculated by elasticity theory as follows ͑Vesic 1972͒:
Assuming there is no volumetric strain within the plastic zone and considering a finite deformation condition, we can express the lateral displacement ͑␦͒ within the plastic zone as
where rϭradial distance. However, Eq. ͑9a͒ can only be solved by an iterative method which is not generally convenient. As a simplification to avoid the need for iteration, and for the infinitesimal deformation condition, ␦ can be expressed as 
Substituting this approximate value of ␦ in the right side of Eq. ͑9a͒ provides
Elastic Zone
From the elasticity solution, the lateral stress ͑ r ͒ in the elastic zone will be
In this case the displacement ͑␦͒ in the elastic zone will be
Lateral Displacement Caused by Multicolumn Installation
The equations described above are for a single column constructed in a uniform soil deposit. In an actual case, there may be several rows of columns at a site. Also, the subsoil is normally layered and not uniform. In order to apply the above equations to an actual case, the following assumptions and methods are proposed.
Layered Subsoil
For calculating the lateral displacement at a given depth, it is simply assumed that the whole subsoil has the same properties as the soil at that depth. The procedure does not allow the interaction effects of soil layers of different stiffness to be assessed directly.
Row of Columns
As shown in Fig. 2 , for a given point A, the lateral displacement ͑␦ ix ͒ in the x direction caused by installation of column i is as follows:
where Dϭperpendicular distance from the row to point A; y i ϭdistance in the y direction ͑along the row͒ of column i; and ␦ i ϭlateral displacement ͑in the radial direction from column i to point A͒ caused by installation of column i. The value of ␦ i can be calculated by the equations presented previously. Theoretically, the distance ͑y L ͒ at which the installation of a soil-cement column has no effect at point A is infinite. For practical purposes in this study, the radius of the influence for a single column installation is defined as the radial distance beyond which the lateral displacement is less than 5 mm. Based on field data ͑Koga et al. 1999; Shen et al. 1999; Koga et al. 2001͒ , it is proposed that the radius of the influence zone is ±30 m for the SDM method, ±40 m for the dry jet mixing ͑DJM͒ method, and ±50 m for the wet jet mixing ͑WJM͒ method. For a row of columns the suggested value of y L is the same as the radius of influence for a single column installation. Mathematically, the distance between points i and A͑iA͒ is the radius of influence. However, if the radius of influence, y L , is defined as equal to iA the method becomes unnecessarily complicated.
Assuming that superposition is applicable to the lateral displacements caused by soil-cement column installation, then the lateral displacement at point A as a result of constructing a row of columns ͑Fig. 2͒ will be the summation of the effects of each individual column. For the sake of convenience, instead of summation, an integral form is adopted as follows:
where Sϭcenter-to-center spacing of two adjacent columns in a row; L = min͑y L , Y ac ͒; and Y ac ϭactual length of the row from point
͑13͒ can be calculated from the elastic solution ͓Eq. ͑11͔͒, otherwise, it can be calculated from the plastic solution ͓Eq. ͑9c͔͒. The integration of Eq. ͑13͒ is given here explicitly for three cases, which depend on the value of D and L.
Eqs. ͑14͒-͑16͒ assume a symmetric distribution of columns along the row with respect to point A. For the case where the columns in the row are not distributed symmetrically with respect to point A, two separate calculations need to be performed using different values of L, corresponding to the two sets of columns on either side of point A, defined with respect to the line through A 
Multirow Installation
For the case of a multirow installation two things need to be clarified. The first one is the installation sequence. Although there can be many possible patterns, in practice there are probably only two common patterns, as illustrated in Fig. 3 . If the mechanical properties of a column are the same as the original subsoil, these two patterns will not have much effect on the lateral displacement at point A. However, if the constructed columns become stronger than the original subsoil before a new row is installed, Pattern 1 will cause less lateral displacement at point A than Pattern 2. Therefore, it is suggested that in terms of mitigating the lateral displacement of the surrounding soil, Pattern 1 is preferred. The second matter requiring clarification is the time interval between constructing column rows. If the constructed rows become stronger than the original subsoil, they may constrain the lateral displacement caused by constructing new rows. The effect of installation sequence in this case will be further discussed by describing a field trial in the next section.
The proposed method can only consider two extreme conditions: ͑1͒ the case where constructed columns have the same properties as the original subsoil, in which case the superposition method is used to consider the multirow effect, and ͑2͒ the case where the first row of columns ͑installation Pattern 1͒ will prevent further lateral displacement due to the construction of new rows, in which case it is necessary to consider only the effect of the first row. An actual case will be bounded by these two extremes. Laboratory tests on cement-treated Ariake clay indicate that when the elapsed time is longer than 1 day, the cement-treated soil attains more than 10% of its strength as measured after 28 days of curing ͑Horpibulsuk 2001͒ and becomes stronger than the original undisturbed subsoil. It is suggested that when the time interval between installation of adjacent rows of soil-cement columns is longer than 2 days, the restricting effect of previously constructed rows on lateral displacement should be considered.
Radius of Cylindrical Cavity "R u …
Since the pressure developed in an expanding cavity is limited by the strength of the subsoil, the magnitude of lateral displacement is mainly controlled by the radius of the cavity ͑R u ͒. There are several factors that affect the radius of a cavity formed during installation of a soil-cement column. The first is the injection pressure ͑p͒ of the admixture. The second is the effective volume of admixture material injected into the subsoil per unit length of a column ͑⌬ vol͒. The effective volume means the total volume injected subtracting the volume of returned spoil ͑slurry and clay mixture͒. The third factor is the location of the injection nozzle ͓i.e., the distance from the center of the injection machine ͑r m ͔͒, and the fourth is the strength ͑S u ͒ and modulus ͑E͒ of the subsoil.
There are three main methods for soil-cement column installation, namely, the SDM method, the DJM method, and the WJM method. The machines used in these methods are different. The injection and mixing parts for the machines used in Japan are illustrated in Fig. 4 . Conceptually, R u is a function of the above listed factors. However, at present, there are not enough data to derive a meaningful expression of R u in terms of all these factors.
From the equations presented above, in the case where =0, the magnitude of lateral displacement is controlled by the values of R u and I r ͑or I rr if volumetric strain is not zero͒. For a given value of R u , the larger the value of I r then the larger is the plastic zone, the lateral displacement at any point in the subsoil, as well as the zone of influence. For a given value of I r , the larger the value of R u , then the larger is the plastic zone and the lateral displacements in the subsoil around the column. Generally, R u has a stronger effect on the calculated lateral displacement. Also, in the case of =0, ͑ p − q͒ in Eq. ͑8͒ and ͑ r − q͒ in Eq. ͑11͒ are both linearly proportional to S u . Dividing ͑ p − q͒ and ͑ r − q͒ by the elastic shear modulus ͓G = 0.5E / ͑1+͔͒ results in quantities that are the inverse of the rigidity index I r . This means that for two different subsoil conditions having different modulus and strength values, but the same values of R u and I r ͑or I rr ͒, the calculated lateral displacement will be the same. Normally, for a soft deposit, the stiffness and strength increase with depth and the field measurements of lateral displacement due to soil-cement column installation also reduce with depth. Under the same pressure, the stiffer a subsoil, the smaller will be the radius of the cavity. For a given cavity pressure, there is no simple closed form expression capturing the effect of soil stiffness on the cavity radius. A simple power function is selected here to express the relative effect of Young's modulus ͑E͒ on the radius of a cavity as follows:
where R u0 ϭradius of the cavity corresponding to a modulus of E 0 . The power of 1 / 3 was obtained by best fitting the field data cited in this study ͑Koga et al. , 2001 Shen et al. 1999͒ . In this study, E 0 is taken as 2,250 kPa, which is the value of the surface soil layer for the field tests cited in this study. The quantities p , ⌬vol, and r m all affect R u0 and these effects need to be determined empirically. If E 0 value changes, R u0 also changes, so that both quantities must be defined as a pair. For a given installation R u02 can be approximated as
There is an additional restriction on the value of R u . The radius of plastic zone ͑R p ͒ is related to R u by Eq. ͑1͒. Physically, the value of R p must be larger than the radius of a column.
Partial "Plane Strain" Effect
When the values predicted by the equations presented above are compared with field data ͑Koga et Shen et al. 1999͒ , it is noted that the prediction yields a faster reduction of the lateral displacement with radial distance than the field measurements. It is considered that this difference is due to two main reasons. One is the discrepancy between a cylindrical cavity expansion and the soil-cement column installation process. Another is that the columns are installed in rows and there may be a partial "plane strain"-type of lateral deformation, as illustrated in Figs. 5͑a and b͒. Fig. 5͑a͒ shows the effect of an existing stiff zone, which can be a row of already constructed and hardened soilcement columns or perhaps a consolidated zone under an embankment. Due to the constraint of this stiff zone, there will be more lateral deformation in the directions indicated in the figure by the thick arrows. Fig. 5͑b͒ illustrates the situation where the columns are continuously installed, and where the Columns C-1, C-2, and C-3 have not yet hardened but are at least partially in a slurry state. When a new Column C-4 is installed, reduced pressures are transmitted to C-3, C-2, and C-1, because of the shielding effects of the latter on each other, and this causes a partial "plane strain"-type of lateral deformation.
For simplicity, it is assumed that there is no heave under plane strain conditions and the zone of influence for plane strain conditions is r L ͑theoretically, it is infinite͒. In this case the normalized lateral displacement under plane strain conditions ͑u pl ͒ will be as follows:
where u 0 ϭlateral displacement at r 0 ; and r 0 ϭradius from where the partial "plane strain" correction needs to be considered. The method used to determine r 0 is discussed in the next paragraph. Considering an axisymmetric elastic solution, the normalized variation of the lateral displacement ͑u as ͒ with distance r for a row of installed columns ͑the integrated axisymmetric case͒ is as follows ͓based on Eq. ͑16͔͒:
where Lϭsmaller of the radius of influence and the actual length of a row of columns from the point of interested, as defined previously. For the cases investigated, it has been found that taking a weighted average of 90% of the axisymmetric distribution and 10% of the "plane strain"-type distribution can simulate the field data reasonable well. In other words, the values calculated from Eqs. ͑14͒-͑16͒ need to be corrected by multiplying them by the following factor ͑C f ͒ to simulate more accurately the field behavior
where C f ϭratio of the sum of the 90% normalized axisymmetric and 10% "plane strain" distributions to the normalized axisymmetric distribution. The two parameters, r 0 and r L , need to be defined. It is proposed that r L is the same as the radius of the zone of influence of a single column installation, i.e., 30 m for SDM, 40 m for DJM, and 50 m for WJM, respectively. Therefore, for practical purposes these values can essentially be adopted as constants. Analysis indicates that taking r 0 = R p / 2 results in good predictions. A comparison of the normalized axisymmetric and the normalized composite ͑weighted average of 10% of "plane strain" and 90% of axisymmetric͒ lateral displacement distributions are shown in Fig. 6 for the case where r 0 =1 m, r L = 30 m, and L =3 m.
Calculation Procedure
The following sequence of steps is recommended to calculate the lateral soil displacement. 1. Obtain the depth profiles of undrained shear strength ͑S u ͒ or strength parameters, c and ͑use total stress parameters͒ and Young's modulus ͑E͒ of the subsoil being considered. Normally, the ratio E / S u is known. A value of Poisson's ratio of 0.5 is recommended. 2. Calculate the mean stress ͑q͒ profile with depth. In cases where = 0, this step is not needed because q has no effect on the calculated lateral displacement. 3. Determine the value of the radius of cavity ͑R u0 ͒ corresponding to E 0 empirically and then R u by Eq. ͑17͒. It is recommended to use volumetric strain ⌬ =0. 4. Calculate R p , P u , and p by Eqs. ͑1͒, ͑4͒, and ͑7a͒ or ͑7b͒, respectively. Then calculate ␦ p by Eq. ͑8͒. 5. Calculate the lateral displacement at different depths for corresponding values of the distance, D, by Eqs. ͑14͒-͑16͒, for a single row of installed columns. Correct the calculated lateral displacement using Eq. ͑21͒ in order to consider the partial "plane strain" effect. 6. Use superposition to consider multirow installations as necessary. The proposed method is based on cylindrical cavity expansion theory, but the key parameters, the radius of a cavity R u and the parameters in Eq. ͑21͒, r 0 and r L , need to be determined empirically. Therefore, the method is only semitheoretical and semiempirical.
Field Tests at Bank of Rokkaku River Site, Saga, Japan
Soil Profiles
Field tests, involving installation of cement-soil columns using the three methods previously described, were conducted along the bank of Rokkaku River, Saga, Japan, where soft Ariake clay is deposited. This soil deposit has low strength and high compressibility. Fig. 7 ͑after Shen et al. 1999͒ shows the soil profile at the SDM site. The thickness of the soft layer is about 15 m. The natural water contents are 80-120% and slightly higher than the corresponding liquid limits. The unconfined compressive strength from laboratory tests ͑q u ͒ is within the range from 30 to 60 kPa and the sensitivity index is 10-20. The proposed method does not consider the effect of clay sensitivity. If the disturbed strength and modulus of clay are used in the calculations, the method will predict a larger lateral displacement. However, how the sensitivity affects the lateral displacement in the field is not yet clear. For the DJM and WJM sites, there are no site investigation data available. In the following analyses, the soil profile shown in Fig. 7 was assumed relevant for the DJM and WJM sites.
Soil-Cement Column Installation
Three tests were conducted using the three different soil-cement column installation methods. The first test was carried out at the southern bank of Rokkaku River ͑14.25 km from the estuary͒ using the SDM, the second test was carried out at the northern bank of the river ͑16 km from the estuary͒ using the DJM, and the third test was conducted at the southern bank of the river ͑10.25 km from the estuary͒ using the WJM. At each site three rows of columns were constructed under the toe of the embankment near the river bank. During these tests, only five columns were constructed in each row. The columns were laid out in a triangular pattern with a diameter of about 1.0 m and an area improvement ratio of about 50%. The center-to-center spacing in a row was 1.2 m and the spacing between rows was 1.3 m ͑Fig. 8͒. The column depth was 8 m for the SDM columns, 13 m for the DJM columns, and 15 m for the WJM columns. At each site, the installation was completed in 1 day. The amount of cement used was 100-150 kg/ m 3 of the soil forming the column. The cement slurry was made with a water/cement ratio ͑W/C͒ of 100% by weight. For the SDM method, the penetration rate was 1.0 m / min with a slurry injection rate of 220 kg/ min ͑0.146 m 3 / min͒. For the DJM method, the penetration rate was 0.9 m / min with a cement powder injection rate of about 97 kg/ min. Some air was injected into the ground together with cement, but the volume was not measured and it is assumed that it was fully returned to the ground surface. For the WJM method, the penetration rate was 0.4 m / min with a slurry injection rate of about 88 kg/ min. Table  1 summarizes the amounts of admixture injected into the subsoil and the injection pressures used in each method. The instrumentation profile for the SDM site is shown in Fig. 8 .
Calculated and Measured Lateral Displacement
Parameters Values
S u values were estimated as half of the strength measured in an unconfined compression test ͑q u ͒, and these are indicated in Fig.  7 . There are no reported data about Young's modulii for this site. Fujikawa et al. ͑1996͒ reported detailed unconfined compression test results on Ariake clay samples from along the Japan National Road No. 34. The reported modulii are secant values at the stress level equivalent to 50% of peak strength ͑E 50 ͒. The reported ratio of E 50 / S u was 100-200. In this study, a value of E 50 / S u of 150 was assumed. The corresponding I r value is 50 ͑assuming Poisson's ratio of 0.5͒. For saturated clay, Vesic ͑1972͒ gave a range of I r values from 10 to 300 for soft to stiff clay. Ariake clay is very soft, but it is structured. Before yielding it is relatively stiff suggesting that it yields an I r value larger than the lower boundary proposed by Vesic ͑1972͒ for soft clay. The radius of the cavity R u0 , corresponding to a modulus of 2,250 kPa, was determined as 0.21, 0.46, and 0.58 m for the SDM, DJM, and WJM methods, respectively, by best fitting the measured data. This general tendency is appropriate given that higher injection pressures are expected to generate larger cavities. Values of the radius of the plastic zone ͑R p0 ͒ corresponding to these R u0 values are also summarized in Table 2 for convenience and comparison.
Comparing Prediction with Measurement
All measured data are from Shen et al. ͑1999͒ and Koga et al. ͑1999͒ and they are all final values of lateral soil movement. Field data shows that for one column installation, with the dissipation of excess pore pressure, there was a certain delayed movement ͑reduction of lateral displacement͒ ͑Middle Pressure Injection Association 2002͒. For continuous construction, the delayed movement would be masked by the subsequent column installation. Fig. 9 compares the measured and predicted lateral displacements at the ground surface. For all three cases, the installations were made within one day, and the constraining effect of previously installed columns on the lateral displacement was not considered. It can be seen that the proposed method predicts the field data reasonably well. For the SDM method, heaving was also measured ͑Koga et al. 1999͒. The maximum value was about 40 mm ͑about half the corresponding lateral displacement͒. Fig. 10 shows comparisons of the variations of lateral displacement with depth. Note the measured data reported for the SDM are taken 1.0 m away from the nearest edge of the columns, and 6.2 and 5.0 m for DJM and WJM, respectively ͑Koga et al. 1999; Shen et al. 1999͒ . For all cases, the predicted values at the bottom of the columns are larger than the measurements. This is probably because in the field the restricting effect of the unimproved soil layer below the column tips reduces the lateral displacement, and this effect is not considered in the proposed method. In addition, the high injection pressure used in the WJM method might cause hydraulic fractures in the ground. The proposed method does not consider this mechanism and as a result it may be less reliable for the WJM method than other installation methods. Fig. 11 depicts the lateral displacements caused by each row of columns installed by the DJM. This figure indicates that the calculation not only fits the total lateral displacement well, but also the increment values are quite good.
From the above comparisons, it can be seen that although there are some discrepancies between the field data and the predicted values, the proposed method is a simple and useful tool for estimating lateral displacement caused by soil-cement column installation in soft subsoil. However, the suggested values of the radius of the cavity and the radius of the influence zone are based on the field test data cited in this study. These values are subject to verification and/or modification from the field data from other sites.
Field Tests at Kubota Site, Saga, Japan Field Conditions and Installation Procedures
A field test to investigate the effect of soil-cement column installation sequence on lateral displacement was conducted in Kubota, Saga, Japan ͑Koga et al. 2001͒. The soil profile at the site is given in Fig. 12 and the soft layer extends to about 9 m depth. Soil- Four different installation sequences, designated as Blocks 1-4, were employed, as shown in Fig. 13 Blocks 1 and 4 belong to Pattern 2 in Fig. 3 and Blocks 2 and 3 belong to Pattern 1, as shown in Fig. 3 . For both Blocks 1 and 2, there were intervals of about 7 days between installing each adjacent row of columns, with Block 1 advancing toward the inclinometer and Block 2 away from it. For both Blocks 3 and 4, the entire installation was made in a single day.
Measured and Calculated Results
Field Measurements
Surface marks and inclinometers were installed to measure the lateral displacements, and their arrangement is indicated in Fig.  13 . The surface lateral displacements measured 1.0 m away from the edge of the columns are summarized in Fig. 14 for each block. It can be seen that Block 2 had the smallest lateral displacement. This is because the first installed Row 1 constrained the lateral displacements caused by installing Rows 2 and 3. The profiles of lateral displacement with depth measured for Blocks 2 and 3 are depicted in Fig. 15 . Again, Block 2 exhibited the smaller lateral displacement values. In Fig. 15 , the data presented are up to the 11th day ͑data after the 16th day were lost͒.
Comparison between Measurements and Calculated Results
As shown in Fig. 14, the measured field displacements for each block are not only due to the installation of the corresponding block, but also influenced by other blocks. In the analysis it is possible to consider the influence of the installation process by adopting the superposition method. However, to avoid the complexity of analysis, the field data have been analyzed to obtain the lateral displacement caused by installing only the corresponding block. For example, for Block 3, the values are the increments of lateral displacement for the 11th day. For Blocks 1 and 2, Row 2 was installed in the same day and the mutual influence of Row 2 is included in the measured data. These kinds of analyzed lateral displacements are called "corrected" measured data. Digital data are given in Tables 3 and 4 for lateral displacements at the surface of Blocks 1-4, and lateral displacements with depth of Blocks 2 and 3, respectively.
The values of undrained shear strength S u were estimated from the values of q u as given in Fig. 12 . For the surface crust, a value of S u = 15 kPa was assumed. From 2 to 4 m depth, a value of S u of about 10 kPa can be evaluated, which is relatively lower than the values in the nearby area. The possible reason for this low value might be sample disturbance. In the analysis, the value of S u for the 2-4 m depth range was adjusted to S u = 13 kPa. As for the Rokkaku River bank site presented previously, the minimum S u value is 15 kPa and this kind of adjustment was not made. At the Kubota site, the amount of cement slurry injected into the ground was 0.09 m 3 / m, which is less than that injected at the Rokkaku River bank site ͑0.146 m 3 /m͒. The amount of cement used was based on the required unconfined compressive strength of the soil-cement column. For the SDM construction, the field observation showed that the amount of returned spoil ͑slurry and clay mixture͒ from the ground was about 30-40% ͑Koga 2003͒. It is difficult to measure the rate of returning spoil and only the final volume of returned spoil was measured by forming it into a regular shape ͑i.e., a trapezoid͒. Considering that 60% of the injected slurry was effective in expanding the "cavity," and using Eq. ͑18͒, R u0 = 0.19 m was evaluated for the Kubota site ͑E 0 = 2250 kPa͒. Other parameters are the same as for the Rokkaku River bank site ͑E 50 / S u = 150 and I r =50͒.
A comparison of the "corrected" lateral surface displacements measured at this site is shown in Fig. 16 . Although the "corrected" field data are scattered, for Block 2 they are close to the predicted data for the Row 1 installation only. The constraining effect of a hardened Row 1 to Row 2 and Row 3 is demonstrated. For Blocks 3 and 4, the field data are close to the values predicting for the installation of three rows. For Block 1, in the range from 2 to 4 m away from the edge of the columns, the "corrected" field data are the largest and are larger than the predicted values. At this site surface heaving was also measured. At a distance of 1.0 m from the edge of the columns, the heaving was 32, 24, 14, and 37 mm for Blocks 1 to 4, respectively, and at 4.0 m from the columns, the corresponding values were 17, 10, 12, and 10 mm.
A comparison of predicted and "corrected" measured lateral displacement profiles with depth is given in Fig. 17 . As the same as for the lateral surface displacements, for Block 2 the "corrected" field measurements are comparable with the predicted values for Row 1 installation only. For Block 3, the "corrected" measurements are smaller than the predicted values corresponding to the installation of three rows. Overall, it is considered that the predictions are reasonably good.
Conclusion
A method based on cylindrical cavity expansion theory has been derived for predicting the lateral displacement caused by soilcement column installation. Assuming an undrained condition, the main parameters used in the analysis are undrained shear strength ͑S u ͒ and rigidity index ͑I r ͒ ͑or Young's modulus E͒ of the clay deposit, the radius of the cavity ͑R u ͒, and the radius of influence for a single column installation. The injection pressure ͑p͒ and the effective volume of admixture added into the ground per unit length ͑⌬ vol͒ are considered indirectly, since they are used to determine a suitable value for the radius of the cavity. Also, an empirical equation is proposed to consider the effect of the stiffness of surrounding soil on the radius of the cavity. It has been reasoned that for the installation a row of soil-cement columns there will be partial "plane strain"-type lateral displacement and an empirical equation is proposed to consider it. In this study, reference values for the radius of the cavity and the radius of influence are suggested for the SDM, the DJM and the WJM methods. These were based on back fitted values for the field tests cited in this study. These values are subject to verification and/or modification from the field data from other sites.
The proposed method has been applied to four reported field tests conducted in Saga, Japan. Comparing the predicted values with the field measurements indicates that the method is capable of yielding a reasonable prediction of the field performance. It is suggested that the method is a useful tool in the design of soft soil improvement by soil-cement columns, in particular for sites where the effects on adjacent ground are critical and require estimation. The field data also indicate that the installation sequence has a considerable influence on the lateral displacement, and the proposed method can consider two extreme conditions of this influence. 
